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Determination of urea distribution volume for Kt/V assessed
by conductivity monitoring.
Background. Kt/V can be calculated continuously during
dialysis without blood samples using the ionic dialysance
method. Unlike the usual method using blood samples, a pre-
cise value for the patients’ urea distribution volume is required.
This study compared different methods for the determination
of urea distribution volume (V) to evaluate their use in Kt/V
measurement, based on conductivity monitoring.
Methods. Ten patients were studied during 40 dialysis
sessions. Total body water and V were determined using
bioimpedance spectroscopy (BIS), anthropometric data, and
blood-based kinetic data. Ionic dialysance was measured by
conductivity monitoring.
Results. Total body water measured by bioimpedance was de-
termined as VBIS = 37.0 ± 7.1 L or 49.6 ± 4.4% of body weight. V
determined using ionic dialysance as input to urea kinetic mod-
eling (UKM) was found to correlate well with total body water
(VKecn = 36.4 ± 5.2 L). All anthropometric equations overes-
timated measured V: VWatson = 40.7 ± 3.9 L, VHume = 41.8 ±
2.5 L, VChertow = 44.6 ± 3.3 L, and VChumlea = 43.1 ± 2.9 L.
Single-pool Kt/V obtained by kinetic modeling was used as ref-
erence (Kt/V)SPVV = 1.49 ± 0.15. Using different Vs as the
V component in the ionic dialysance Kt/V, we obtained: Kecn∗
t/VWatson = 1.34 ± 0.12, Kecn ∗ t/VBIS = 1.51 ± 0.21 and Kecn∗
t/VKecn = 1.52 ± 0.18.
Conclusion. The single-pool Kt/V calculated using the ionic
dialysance method agreed with the conventional blood sample
method provided that V was calculated using BIS or urea kinet-
ics. V by either method was reproducible and varied little in an
individual patient. Monthly determination of V allows determi-
nation of Kt/V for each dialysis session by ionic dialysance.
The delivered dose of dialysis (expressed by Kt/V) is
an important predictor of patient outcome. Kt/V is usu-
ally calculated monthly from pre- and postdialysis blood
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samples. A number of factors lead to a lower delivered
dose than prescribed, such as cardiopulmonary and ac-
cess recirculation, compartmental disequilibrium, loss in
dialyzer clearance, and actual values of blood flow or ef-
fective treatment time being less than prescribed. If Kt/V
is measured once per month, important variations in de-
livered dialysis dose may be missed. Measurement of de-
livered dialysis dose each dialysis would be desirable if it
could be achieved without blood samples.
Recently, a practical method for measuring K semicon-
tinuously during dialysis using conductivity monitoring
has been described. This method relies on the princi-
ple that the diffusive properties of sodium and urea are
similar and that sodium flux can be measured noninva-
sively using conductivity measurements in the dialysate.
This method estimates K as ionic dialysance within the
dialysis machine and requires no reagent, disposable or
blood sample. The value of K calculated using this method
has an additional advantage as it represents blood water
clearance and includes the effect of cardiopulmonary and
any access recirculation [1, 2].
Devices using the ionic dialysance method measure
both clearance (K) and treatment time (t) but require
a precise input value for the urea distribution volume
(V) for calculating Kt/V. This is in contrast to the usual
method using pre- and postdialysis blood samples, which
is relatively insensitive to errors in V. In the blood sam-
ple method, Kt/V is calculated largely independently of
V from the ratio of pre- and postdialysis blood urea. Only
the relatively small component due to ultrafiltration and
renal function depends on V.
The purpose of this study was to compare the agree-
ment and reproducibility of different methods for calcu-
lating V and their practical relevance in calculating Kt/V
from the ionic dialysance.
Numerous methods for calculating V have been de-
scribed [3–7]. The gold-standard method calculates V
from the concentration of a suitable tracer in blood af-
ter equilibration, following injection. The tracer method
is not suitable for routine use and, ideally, requires
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multiple blood samples so the effect of its clearance from
body water can be accounted for.
A variant of the tracer method calculates V from pre-
and postdialysis blood urea concentration and the mass
of urea measured in dialysate. This method requires the
postdialysis blood sample to be taken after equilibration,
at least 30 minutes after the end of dialysis. The calcula-
tion also requires a value for urea generation rate (G).
Difficulties in obtaining a precise value for G and the
equilibrated postdialysis blood urea limit the practicality
of this method.
The easiest way to establish total body water in routine
clinical practice is through the use of anthropometric data
such as age, weight, height, and gender. Most of these an-
thropometric formulae are derived from healthy subjects
[8–10]. A specific equation for dialysis patients, which also
accounts for the presence of diabetes, has been developed
by Chertow et al [11]. However, anthropometric formulas
represent population means and may not be an accurate
estimate of the urea distribution volume of an individual
patient. Differences in anthropometric V compared with
total body water measured by reference methods have
been observed in a number of studies. Kloppenburg et al
[4] found individual differences between 0.5% and 7% of
total body water measured by dilution of 13C-labeled urea
compared to V calculated using the Watson equation. Jo-
hansson et al [6] found differences when comparing total
body water measured by dilution of tritiated water com-
pared with the Watson volume between −27% and +28%
and Cooper et al [12] found differences of –12 L to +8 L
when comparing total body water measured with heavy
water [12].
Whole-body bioimpedance is a noninvasive technique
that measures the impedance and phase shift in response
to a current injected via a pair of electrodes placed at the
wrist and ankle of a subject. It has been demonstrated that
total body water measured with bioimpedance correlates
with dilution techniques. More recent studies show that
impedance and phase measurement over a spectrum of
frequencies, known as bioimpedance spectroscopy (BIS),
determines total body water with greater accuracy than
single-frequency measurement since both components of
total body water, intracellular volume and extracellular
volume, are resolved [13, 14].
This paper evaluates three practical methods for
determining V, estimation from anthropometric data,
bioelectric impedance, and urea kinetic modeling. Kt/V
determined using the ionic dialysance method in combi-
nation with V by the three methods were evaluated.
METHODS
Patients and study design
Ten male patients, ages between 33 and 76 years (mean
age 55.6 years) and weight between 63 and 88.5 kg
(mean weight 74.1 kg), of the Northern General Hospi-
tal, Sheffield, United Kingdom, participated in the study.
After a familiarization phase of 2 weeks, each patient was
studied for four treatments on the same day of consec-
utive weeks. Residual renal urea clearance was present
in four patients and was determined by 24-hour urine
collection after each study treatment. Written informed
consent was obtained from each patient prior to the study
and the study protocol was approved by the local Ethics
Committee.
Hemodialysis treatment
The study treatments were performed using a Fresenius
4008H machine equipped with Online Clearance Moni-
tor (OCM) and Blood Temperature Monitor (BTM). All
patients were dialyzed with HF80 dialyzers (Fresenius
Medical Care, Bad Homburg, Germany) at a dialysate
flow rate of Qd = 800 mL/min and a blood flow rate (Qb)
between 398 and 511 mL/min (mean Qb = 434 mL/min).
Dialysis treatment time (t) varied according to the pa-
tient’s individual prescription, varying between 170 and
247 minutes (mean t = 204 min). Blood flow was recorded
as the flow corrected for prepump arterial pressure. This
value, which is usually less than the pump set value due to
deformation of the pump segment at low pressure, is au-
tomatically calculated by the 4008 dialysis machine. Mean
blood flow of the whole treatment was calculated by
dividing processed blood volume by treatment time.
Two weeks prior to the study phase the patients were
switched from their standard dialyzer, blood flow, and
dialysate flow rates to the study conditions (familiariza-
tion phase). These conditions remained unchanged until
the end of the study.
Effective ionic dialysance (Kecn) was measured by con-
ductivity monitoring using the OCM. A conductivity
change was initiated automatically every 25 minutes (i.e.,
a measurement of Kecn was achieved six to nine times dur-
ing a treatment depending on treatment time). Total re-
circulation was measured by the thermodilution method
using the BTM.
Blood samples were obtained predialysis (c0), postdial-
ysis (ct), 50 minutes after termination of the treatment
(ct+50), and before the start of the next treatment (cnext).
To obtain the postdialysis sample (ct), the ultrafiltration
rate was set to zero and the blood pump rate was reduced
to 100 mL/min. Ten seconds after reducing the blood flow,
the blood pump was turned off. The sample was then
drawn from the arterial needle tubing [15].
Bioelectrical impedance spectroscopy
Bioimpedance measurements were performed using
the Hydra Bioimpedance Analyzer (Model 4200) (Xitron
Technologies, San Diego, CA, USA). Acquisition of
bioimpedance data commenced prior to dialysis after the
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patient had rested for 10 minutes in a supine position.
Three successive measurements were acquired and aver-
aged. Each patient was measured two times during the
familiarization phase on the same day as the latter study
treatments. Overhydration, normally exhibited predial-
ysis, was obtained by subtracting prescribed dry weight
from preweight. Overhydration was then subtracted from
measured total body water to yield total body water at dry
weight (VBIS).
Anthropometric equations
Anthropometric data were used to estimate total body
water using the equations of Watson, Watson, and Batt
[8], Hume and Weyers [9], Chertow et al [11], and
Chumlea [10] (see Appendix, equations 1 to 4).
Urea kinetic modeling
For kinetic determination of urea distribution volume,
we used the three-point method of the classic variable
volume single-pool model [16]. Since both, urea gener-
ation rate and urea distribution volume, appear in both
equations 9 and 10 (see Appendix), the equations are
solved repeatedly until the results converge. All mea-
sured plasma urea concentrations were corrected for
plasma water (see Appendix, equation 5).
It is known that unadjusted urea distribution volume
determined by single-pool modeling is overestimated at
high dialysis dose and underestimated at low dialysis dose
[17]. We used the correction proposed by Tattersall et al
[18] to adjust single-pool volume (see Appendix, equa-
tion 6). The error by single-pool modeling is small when
equilibrated Kt/V values are close to one. In our study
the correction had an effect of only −1%. This method
for correction yields similar results as that one described
by Daugirdas et al [17, 19]
The accuracy of V determined by urea kinetics depends
on a precise value for K as the mean blood water urea
clearance over the entire dialysis session and corrected
for recirculation [20, 21]. Blood water clearance is usually
about 11% less than whole blood clearance, depending
on hematocrit and plasma protein concentration.
Effective ionic dialysance (Kecn) measured by the
OCM corresponds to blood water clearance corrected
for recirculation [1], so Kecn can be used without correc-
tion in the kinetic determination of V. To obtain the mean
value of Kecn of the whole session, the K∗t recorded by
the OCM was divided by treatment time. The urea dis-
tribution volume obtained using Kecn as input in urea
kinetic modeling is denoted as VKecn. See Figure 1 for an
illustration of the different kinetic Vs.
Many commercial urea kinetic modeling programs use
theoretic dialyzer clearance (KkoA) as input, which is cal-
culated from in vitro dialyzer mass transfer coefficient
(koA value from dialyzer data sheet) and actual flows
Kecn Kk0A Keff
VKecn VKk0A VKeff
UKM &
V-adjustment
C0
Ct
Cnext
Fig. 1. Using different clearance values as input to urea kinetic mod-
eling (UKM) leads to different values of urea distribution volume. The
volumes obtained by single-pool urea kinetic modeling, by iterative
solution of equations 9 and 10 (see Appendix), are adjusted for two-
pool effects using equation 6. Effective ionic dialysance (Kecn) leads to
VKecn, theoretic dialyzer clearance (Kk0A) leads to VKk0A and theoretic
dialyzer clearance corrected for recirculation (Keff) leads to VKeff.
(see Appendix, equation 7). For comparison, we also
used KkoA as input and obtained VKkoA. Additionally
we used theoretical dialyzer clearance corrected for mea-
sured recirculation (Keff) (see Appendix, equation 8) and
obtained VKeff.
RESULTS
Boelectrical impedance spectroscopy
Total body water at dry weight was determined with
bioimpedance as 37.0 ± 7.1 L or 49.6% ± 4.4% of dry
body weight. The difference between the first BIS mea-
surement and the second measurement 1 week later
ranged between −0.08 and +2.7 L, mean +0.13 L.
Body mass index of the subjects was between 19.0 and
29.2 kg/m2. Individual values of total body water, weight,
and body mass index are given in Table 1.
Anthropometric equations
All anthropometric equations overestimate total body
water as measured by BIS in our patients: VWatson =
40.7 ± 3.9 L, VHume = 41.8 ± 2.5 L, VChertow = 44.6 ±
3.3 L, and VChumlea = 43.1 ± 2.9. The Watson equation
was closest to VBIS with the mean volume being 10%
higher. Bland-Altman analysis of the agreement between
Watson and bioimpedance volumes (mean difference
 = 3.6 L, SD = 3.9 L) (see Fig. 2) suggests that the
Watson volume systematically overestimates total body
water in lower volume dialysis patients. The same trend
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Table 1. Characteristics of the patients
Patient 1 2 3 4 5 6 7 8 9 10
Age years 53 36 74 76 66 33 54 45 63 56
Weight kg 64 89 72 69 73 88 70 74 63 81
Body mass index kg/m2 19.4 29.2 24.5 23.7 27.6 28.7 23.1 24.2 19.0 27.7
VBIS L 32.5 46.5 29.3 32.3 36.4 49.7 34.4 36.0 29.3 45.3
VBIS is total body water measured by bioimpedance spectroscopy.
Mean + 2SD
Mean − 2SD
Mean
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Fig. 2. Bland-Altman analysis of agreement between Watson volume
(VWatson) and bioimpedance volume (VBIS) in 10 male hemodialysis
patients of this study.
is observed when data from different studies are included
in the analysis (see Fig. 3).
Kinetic determination of urea distribution volume
Of the 40 study treatments, six had to be excluded from
the analysis due to missing OCM data (five cases) or miss-
ing blood values (one case).
Bioimpedance volume agrees well with kinetic volume
when using effective ionic dialysance (Kecn) as input to
urea kinetic modeling (VKecn = 36.4 ± 5.2 L). Bland-
Altman analysis (Fig. 4) shows good agreement between
the methods (mean  = −0.74 L) with a SD = 3.6 L. A
similar level of agreement was found between VKeff and
VBIS (VKeff = 38.1 ± 6.0 L, mean  = 1.1 L, SD = 3.6 L)
(see Fig. 5).
Kinetic distribution volume agreed less well with
bioimpedance volume when theoretical dialyzer clear-
ance without correction for recirculation (KkoA) was used
as input to urea kinetic modeling (VKkoA = 41.1 ± 6.0 L,
 = 4.1 L, SD = 3.6 L) (see Fig. 6).
A summary of all V-values by the different methods is
given in Table 2.
Individual variation of kinetic distribution volume
Variation of kinetic distribution volume (VKecn) over
the observation period of 4 weeks in individual patients
Mean + 2SD
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Mean
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Fig. 3. Bland-Altman analysis of agreement between Watson volume
and bioimpedance volume in 272 hemodialysis patients from different
studies. Symbols are: (•) females, (◦) males.
is shown in Figure 7. The standard deviation of VKecn
across different patients was between 1% and 6%. The
standard deviation of VKecn in individual patients is in
the same order of magnitude as a possible error of blood
urea measurement, which would result in a corresponding
error of VKecn. Urea distribution volume was found to be
reproducible over the observation period of 4 weeks.
Recirculation
Total recirculation measured by the thermodilution
method ranged between 4% and 13.7%.
Blood sample–based reference values of Kt/V
Reference values of single-pool and equilibrated Kt/V
were calculated using the three-point method of the
single-pool variable volume kinetic model using VBIS as
the small corrector to urea kinetic modeling Kt/V. The ref-
erence single-pool Kt/V [(Kt/V)SPVV] was obtained with
c0, ct, cnext, and VBIS as input. First, urea generation rate
was calculated using equation 10 (see Appendix) and then
whole body clearance K was calculated solving equation
11 (see Appendix).
The equilibrated postdialysis concentration (ct+50) was
corrected for postdialysis generation to obtain ceq (see
Appendix, equation 12). The reference equilibrated Kt/V
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Fig. 4. Bland-Altman analysis of agreement between kinetic volume
(VKecn) obtained using ionic dialysance as input to urea kinetic model-
ing and bioimpedance volume (VBIS).
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Fig. 5. Bland-Altman analysis of agreement between kinetic volume
(VKeff) obtained using theoretic clearance corrected for recirculation
as input to urea kinetic modeling and bioimpedance volume (VBIS).
[(Kt/V)eqSPVV] was calculated using c0, ceq, cnext, and VBIS
as input to the variable volume single-pool model (see
Fig. 8).
In order to test whether a systematic error is introduced
by using VBIS in the reference method as well as in one
of the methods used for comparison (i.e., Kecn∗t/VBIS),
we compared the Daugirdas natural logarithm equation
(see Appendix, equation 13) with our reference single-
pool Kt/V. The Daugirdas equation does not involve VBIS
since postdialysis weight is used. Bland-Altman analysis
of agreement (Fig. 9) shows that (Kt/V)SPVV is equivalent
to (Kt/V)Daug with mean difference  = 0.007 and SD =
Mean + 2SD
Mean − 2SD
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Fig. 6. Bland-Altman analysis of agreement between kinetic volume
(VKkoA) obtained using theoretic clearance without correction for re-
circulation as input to urea kinetic modeling and bioimpedance volume
(VBIS).
0.03. The equivalence of both methods shows that no sys-
tematic error is introduced by using VBIS as input to urea
kinetic modeling. The reason is that Kt/V depends mainly
on blood urea concentrations, whereas V will result only
in a minor correction. In fact, the Watson volume could
be used instead of VBIS in urea kinetic modeling with
nearly the same equivalence with Daugirdas Kt/V ( =
−0.008, SD = 0.06).
Ionic dialysance Kt/V
As the V component of the ionic dialysance
Kecn∗t/V, we investigated bioimpedance volume (VBIS),
Watson volume (VWatson), and kinetic volume (VKecn)
(see Fig. 10). Other anthropometric volumes were ex-
cluded from further analysis since they agreed less well
with bioimpedance and kinetic volumes. Using VKeff in-
stead of VKecn was found to lead to similar results.
Agreement between the reference (Kt/V)SPVV and the
ionic dialysance Kecn∗t/V was assessed by linear regres-
sion and Bland-Altman analysis. Figures 11 to 13 show the
Bland-Altman plot of all treatments (left) and a plot of
the mean per patient of the four treatments over the line
of identity (right). The mean of the four treatments ex-
hibits a standard deviation that results from variations of
delivered dialysis dose caused by variations in treatment
time and blood flow. The Bland-Altman plots are useful
to show the agreement between two methods. The plots
of the patients’ individual values reveal patient-related
factors. For example, if for one patient the estimated V
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Table 2. Comparison of volurm (V) (L) by different methods
VBIS VKecn VKkoA VKeff VWatson VHume VChertow VChumlea
Mean 37.0 36.4 41.1 38.1 40.7 41.8 44.6 43.1
SD 7.1 5.2 6.0 6.0 4.2 2.7 3.6 3.1
VBIS is total body water measured by bioimpedance spectroscopy.
1 2 3 4 5 6 7 8 9 10
Patient
55
50
45
40
35
30
Fig. 7. Individual per patient variation of kinetic distribution volume
(VKecn).
VBIS C0 Ct Cnext VBIS C0 Ceq Cnext
UKM UKM
Single-pool (Kt/V)SPVV Equilibrated (Kt/V)eqSPVV
Fig. 8. Determination of the reference single-pool and equilibrated
Kt/V’s (see Appendix, equations 10 and 11). UKM is urea kinetic mod-
eling.
is too high compared to the real value, the Kt/V will lie
consistently below the line of identity.
Using different Vs as the V component of the ionic
dialysance Kecn∗t/V and comparing against the reference
we obtained the following results.
Watson volume. We obtained Kecn∗t/VWatson = 1.34 ±
0.12. The agreement with the reference is weak, as well by
Bland-Altman analysis ( = −0.15, SD = 0.1) (Fig. 11)
as by linear regression (slope = 0.58 ± 0.08, correlation
coefficient R = 0.56).
Bioimpedance volume. We obtained Kecn∗t/VBIS =
1.51 ± 0.21. Good agreement is found as well by
Mean + 2SD
Mean − 2SD
[(Kt/V)SPVV + (Kt/V)Daug]/2
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
0.4
0.2
0.0
−0.2
−0.4
Fig. 9. Bland-Altman analysis of agreement between (Kt/V)SPVV and
(Kt/V)Daug.
VKecn
Kecn × t
Kecn × t/VKecn
Kecn × t/VWat
Kecn × t/VBISVBIS
VWat
Fig. 10. Different values of V were used as component of the ionic
dialysance Kt/V in order to compare them against the reference
(Kt/V)SPVV.
Bland-Altman analysis ( = 0.02, SD = 0.14) (Fig. 12) as
by linear regression (slope = 1.10 ± 0.13, R = 0.64).
Kinetically determined volume is used as V component.
Nearly perfect agreement with the reference Kt/V is ob-
tained (Bland-Altman analysis ( = 0.03 and SD = 0.03)
as by linear regression (slope = 1.14 ± 0.03 and R = 0.99).
This agreement is, however, due to the fact that both re-
sults are not independent from each other. In the urea
kinetic model, the Kt/V depends almost entirely on the
blood concentrations and only to a minor extent on ei-
ther V or K, which is used as a small corrector to account
for volume changes during and between dialyses. Since
VKecn is obtained from the same set of blood samples as
(Kt/V)SPVV, Kecn∗t/Vecn is not independent.
Since we found that V of an individual patient remains
relatively stable over the study period, we investigated
the agreement for the case that the kinetic volume de-
termined in the first treatment of a patient ((VKecn)1st) is
2268 Wuepper et al: V for Kt/V by conductivity monitoring
Mean + 2SD
Mean − 2SD
Mean
1.1 1.2 1.3 1.4 1.5 1.6 1.7
[Kecn × t/VWatson + (Kt/V)SPVV]/2
1.1 1.2 1.3 1.4 1.5 1.6 1.7
(Kt/V)SPVV
K e
cn
 
×
 t/
V W
a
ts
on
 
−
 
(K
t/V
) SP
VV 0.4
0.2
0.0
−0.2
−0.4
K e
cn
 
×
 t/
V W
a
ts
on
1.7
1.6
1.5
1.1
1.2
1.3
1.4
Fig. 11. Analysis of agreement between
Kecn∗t/VWatson and (Kt/V)SPVV by Bland-
Altman plot (A) and mean values per patient
over the line of identity (B). Error bars repre-
sent ± 1 SD.
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Fig. 12. Analysis of agreement between
Kecn∗t/VBIS and (Kt/V)SPVV by Bland-
Altman plot (A) and mean values per patient
over the line of identity (B). Error bars repre-
sent ± 1 SD.
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Fig. 13. Analysis of agreement between
Kel∗t/(VKecn)1st and (Kt/V)SPVV by Bland-
Altman plot (A) and mean values per patient
over the line of identity (B). Due to omitting
the first set of data for each patient, these
graphs show 10 treatments less than graphs
in Figures 11 and 12.
used for the following treatments. The pairs of the first
treatment were omitted from the analysis since these are
not independent data as explained above. The agreement
is nearly as good as for the dependent pairs of data, only
the standard deviation is slightly increased (see Fig. 13);
Bland-Altman analysis ( = 0.05, SD = 0.07), linear
regression (slope = 1.18 ± 0.02, R = 0.99). See Table 3
for a summary of the different Kt/V values.
Over all treatments, we obtained a mean reference
single-pool (Kt/V)SPVV = 1.49 ± 0.15 and a mean ref-
erence equilibrated (Kt/V)eqSPVV = 1.31 ± 0.14. The
single-pool Kt/V measured by ionic dialysance can be
converted to an equilibrated Kt/V using the rate equation
(see Appendix, equation 14). If equation 14 is applied to
Kecn∗t/VKecn, we obtain eKt/V = 1.28 ± 0.16. The agree-
ment with the reference equilibrated Kt/V as shown by
Bland-Altman analysis (mean  = −0.03, SD = 0.08) is
good.
Although Kecn∗t/VWatson is closer to the equilibrated
Kt/V than to the single-pool Kt/V, there is no close cor-
relation as evaluated by linear regression (slope = 0.66 ±
0.07, R = 0.67). Kecn∗t/VWatson happens to be closer to
the equilibrated Kt/V since the Watson volume is larger
than the kinetic V in our patients.
Wuepper et al: V for Kt/V by conductivity monitoring 2269
Table 3. Comparison of blood sample–based reference Kt/V and different V values as V component of the ionic dialysance Kecnt/V
(Kt/V)SPVV (Kt/V)eqSPVV Kecnt/VBIS Kecnt/VKecn Kecnt/(VKecn)1st Kecnt/VWatson
Mean 1.49 1.31 1.51 1.52 1.52 1.34
SD 0.15 0.14 0.21 0.18 0.17 0.12
DISCUSSION
Our data suggest that the calculation of V using an-
thropometric data significantly overestimates total body
water calculated by bioimpedance and kinetic model-
ing, at least in the study group of hemodialysis patients.
Although we had no direct reference method for calcu-
lating V, bioimpedance has been found to agree closely
with body water calculated from deuterium-oxide dilu-
tion studies in hemodialysis patients [12, 26]. In our study,
the independent method of urea kinetic modeling agreed
with bioimpedance. Therefore, we conclude that V calcu-
lated from anthropometric data probably overestimated
total body water in our study patients.
Some previous publications have also concluded that
V calculated from anthropometric data overestimates to-
tal body water [4]. Others come to the opposite conclu-
sion [12]. It is possible that racial or other differences
between study populations may explain the different
agreements between V calculated from anthropometric
data and other measures of body water.
A possible explanation for our observation that V cal-
culated from anthropometric data may overestimate total
body water is that a significant depletion in muscle mass
is present in many dialysis patients [22]. Anthropometric
equations derived from healthy individuals would lead
to an overestimation of V in this case. In the presence of
overhydration, on the other hand, an underestimation of
urea distribution volume by anthropometric equations
would be expected. Therefore, there may be substan-
tial errors for individual patients if V is estimated from
anthropometric equations.
The patients studied had a typical range of body mass
indices (Table 1), but did not include very obese patients.
Therefore, our results may not be applicable to obese
patients and this requires further study. Bioimpedance
generally provides an accurate measurement of total
body water. If, however the subject exhibits an unusual
distribution of water between the trunk and the limbs
the accuracy could be impaired, since the bioimpedance
measurement is predominantly influenced by the resis-
tance of the arms and legs. This might be the case in one
of our patients, where VBIS was found to be 7 L higher
than kinetic volume.
Urea kinetic modeling can be used to determine urea
distribution volume provided a correct value of clearance
is used as input and adjustment for errors in single-pool
modeling is applied. Actual clearance can be substan-
tially lower than theoretic clearance in the case of re-
circulation, clotted fibers, or blood flow rate reduction.
The lower actual clearance will lead to a higher postdial-
ysis urea concentration, which will be interpreted by urea
kinetic modeling as a higher V, if K used as input is not re-
duced. VKkoA is therefore found to be significantly higher
than total body water VBIS. Measuring recirculation and
using a corrected clearance Keff as input to urea kinetic
modeling accounts for the major part of the clearance re-
duction and leads to a kinetic volume VKeff much closer
to VBIS. With successive automatic measurements of ef-
fective ionic dialysance, a mean clearance value of the
whole treatment is obtained, which does not need fur-
ther corrections for recirculation and blood water. VKecn
was found to be the best substitute for V.
In theory, since Kecn includes the effects of cardiopul-
monary recirculation, V should have been calculated
using a postdialysis blood sample taken 2 minutes post-
dialysis, when the effect of cardiopulmonary recirculation
on the postdialysis rebound is complete [abstract; Man-
zoni C, et al, J Am Soc Nephrol 11: 324A, 2000]. We did
not take a 2-minute posthemodialysis sample since the
rate of rebound is maximal at this time and timing errors
would degrade accuracy. At 10 seconds posthemodialysis,
the rebound has not yet started and urea concentration
is relatively stable. Also, intercompartment urea distri-
bution is also maximal at 2 minutes so it is impossible
to separate the effects of cardiopulmonary recirculation
and other causes of the rebound. By using Kecn and a
10-second posthemodialysis measurement, our estimates
of VKecn may have underestimated the “true” V by 3%
to 5%.
Manzoni et al [abstract; Manzoni C, et al, J Am Soc
Nephrol 11: 324A, 2000] report similar results. Using di-
rect dialysate quantification as a reference method, they
found that Watson volume overestimated V by 13% and
that urea kinetic modeling using effective ionic dialysance
as input showed the best agreement with V.
We found that the value of a single measurement of
urea distribution volume ((VKecn)1st) can be used as V
component of the ionic dialysance Kt/V over the study
period of 4 weeks. Kecn t/(VKecn)1st differed from single-
pool Kt/V obtained from blood samples by only 0.05 ±
0.07. The ionic dialysance measurement therefore allows
single-pool Kt/V to be obtained in every session at a level
of precision similar to that of blood samples.
Continued assumption of the stability of V beyond
4 weeks may be valid but should be reevaluated when
significant changes in dry weight prescription occur. The
long-term variability of urea distribution volume is the
topic of an ongoing study in which patients are observed
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during a study period of 6 months. Repeated measure-
ments of kinetic distribution volume will increase the
accuracy by eliminating possible errors in blood urea
measurement.
Disequilibrium of urea distribution between different
body compartments during dialysis leads to urea rebound
after dialysis and delivered Kt/V as expressed by equi-
librated Kt/V being less than single-pool Kt/V. Direct
determination of equilibrated Kt/V from dialysate side
measurement is possible only with devices that measure
actual removal of urea. However, the value of the single-
pool Kt/V obtained with ionic dialysance can be con-
verted to an equilibrated Kt/V using the rate equation
(see Appendix, equation 14) similar to a single-pool Kt/V
obtained from blood samples.
The online clearance measurement is generally reliable
in routine use. Failure to obtain OCM data in five of our
40 treatments was caused mostly because cleaning was
started before data were written down from the screen
or because a sodium profile was used that was not com-
patible with the online clearance measurement.
CONCLUSION
The accuracy of urea distribution volume determined
with urea kinetic modeling depends strongly on the accu-
racy of the clearance used as input. Effective ionic dialy-
sance measured by conductivity monitoring provides the
value necessary for urea kinetic modeling at the required
level of precision and can be used without further correc-
tions. The theoretic dialyzer clearance (calculated from
the dialyzer manufacturers’ data, blood, and dialysate
flow rates) may not accurately reflect mean blood wa-
ter clearance over the entire dialysis session and needs to
be corrected for recirculation.
Total body water measured by BIS (VBIS) agrees well
with kinetically determined urea distribution volume.
Ionic dialysance can be combined with VBIS to obtain ac-
curate quantification of Kt/V without the need for blood
samples.
Kt/V may be determined accurately without blood
samples every dialysis session using the ionic dialysance
method, provided an accurate urea distribution volume
is used. The Kt/V value calculated in this way agrees with
the standard method based on pre- and postdialysis blood
samples. A precise value for urea distribution volume
should be obtained at regular intervals by either urea
kinetic modeling using effective ionic dialysance as input
or by bioimpedance measurement.
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APPENDIX
Equations 1 to 4 are anthropometric formulas, age in years, height
in cm, and weight in kg
Equation 1 (Watson equation for males [8])
VWatson = 2.447 − 0.09516 · age + 0.1074 · height + 0.03362 · weight
Equation 2 (Hume-Weyers equation for males [9])
WHume = 0.194786 · height + 0.296785 · weight − 14.012934
Equation 3 (Chertow equation [11])
VChertow = −0.07493713 · age − 1.01767992 · gender
+ 0.12703384 · height − 0.04012056 · weight
+ 0.57894981 · diabetes − 0.00067247 · weight2
− 0.03486146 · age · gender + 0.11262857 · gender · weight
+ 0.00104135 · age · weight + 0.00186104 · height · weight
where gender = 1 for male and gender = 0 for female; diabetes = 1 in
the presence of diabetes and diabetes = 0 if no diabetes is present
Equation 4 (Chumlea equation for males [10])
VChumlea = 23.04 − 0.03 · age + 0.5 · weight − 0.62 · weight(0.01 · height)2
Equation 5 (Conversion of plasma concentrations to plasma water con-
centrations [16])
cpw = cp0.93
Equation 6 (Adjustment of V for the error by single-pool modeling
[18])
V = Vsp · t + tp
t + tp · ln
(
c0
ct
)
· tt + tp
where tp is patient clearance time = 35 minutes; Vsp is unadjusted
single-pool volume
Equation 7 (Theoretical dialyzer clearance)
KkoA =
1 − exp
[
koA
Qbw ·
(
1 − QbwQd
)]
Qbw
Qd − exp
[
koA
Qbw ·
(
1 − QbwQd
)] · Qbw ·
(
1 − Qf
Qbw
)
+ Qf
where blood water flow Qbw = Qb · (0.94 − 0.22 · Hct)
Equation 8 (Clearance correction for recirculation [23])
Keff = KkoA
1 − RC
100
1 − RC
100
·
(
1 − KkoA
Qbw
)
Equations 9 to 11 are variable volume single-pool kinetic modeling and
three blood urea nitrogen (BUN) method [16]
Equation 9 (Postdialysis volume)
V = B · t[
cpost (Kr + K + B) − G
c0(Kr + K + B) − G
]−( BKr +K+B
)
− 1
+ B · t
where cpost is ct for single-pool Kt/V and ceq is for equilibrated Kt/V
Equation 10 (Urea generation rate)
G = (Kr + Bi )


cnext − cpost
(
V + Bi Ti
V
) −(Kr +Bi )
Bi
1 −
(
V + Bi Ti
V
) −(Kr +Bi )
Bi


Equation 11 (Dialyzer clearance—the equation must be solved using a
root algorithm)
B
ln
(
V
V−Bt
) · ln
[
G − c0(Kr + K + B)
G − cpost (Kr + K + B)
]
− Kr − B − K = 0
Equation 12 (Correction of equilibrated postdialysis concentration for
postdialysis generation)
ceq = ct+50 − G ∗ 50VBI S
Equation 13 (Daugirdas natural logarithm equation to calculate single-
pool Kt/V [24])
(Kt/V)Daug = − ln (R − 0.008 · t) + (4 − 3.5R) U FW
with R = ctc0
Equation 14 (The rate equation to convert single-pool Kt/V into equi-
librated Kt/V [25])
eKt/V = spKt/V − 0.6 · spKt/V
t
+ 0.03
ABBREVIATIONS
B Weight gain during dialysis (usually negative)
Bi Weight gain between dialyses
c0 Predialysis concentration
ct Concentration at end of dialysis
ct+50 Concentration 50 minutes after end of dialysis
ceq Equilibrated concentration = ct+50 corrected for post-
dialysis urea generation
cnext Concentration before the next dialysis
G Urea generation rate
Kecn Effective ionic dialysance
Keff Effective clearance = theoretic dialyzer clearance cor-
rected for recirculation
Kk0A Theoretic dialyzer clearance
Kr Residual renal clearance
(Kt/V)SPVV Single-pool Kt/V obtained by variable volume kinetic
modeling
(Kt/V)eqSPVV Equilibrated Kt/V obtained by variable volume kinetic
modeling
Kecnt/V Ionic dialysance based Kt/V
Qb Blood flow
Qd Dialysate flow
RC Total recirculation
t Dialysis time
td Patient clearance time (td = 35 minutes)
Ti Interdialytic time
UF Ultrafiltration volume
Vsp Unadjusted single-pool volume
W Postdialysis weight
